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SYNOPSIS 

The kinetics of the reaction of oxygen with sodium 
dithiomte in aqueous solutions have teen studied by a flow- 
thermal method of HARTRIDGE and ROUGHTON. This method 
eliminates the effects of diffusion, and provides a technique 
for measurements m fast homogeneous reactions- The oxidation 
was studied in wide ranges of temperature, pH and reactant 
concentrations. Experiments were also conducted to study 
the inhibition of this reaction. 

Results on the oxidation study of dithionite solutions 
at 30°C show that the reaction is first order with respect 
to dithionite and zero order with respect to oxygen. An 
activation energy of 17.5 Kcal/g-mole has been calculated for 
this reaction. 



The inhi hiting effects of manganese chloride, 
manganese sulfate and triethanolamine have been studied at 
30° 0. An identical behaviour in tne inhibiting effects of 
MnCl 2 and MnSO^ was observed. In these cases, the rate was 
inversely propurtional to approximately one power of the 
total concentration of manganese added to the reacting 
solution. The effect of triethanolamine was inversely 
pruportional to 0.2 power of the total concentration of 
triethanolamine. In all cases the reaction was found to 
be first order m dithionite and zero order m oxygen. 

A free radical chain mechanism has been proposed and 
the rate expressions derived satisfactorily account for the 
kinetics of the ditnionite oxidation with and without inhibitior 
The inhibition step is believed to follow a different termi- 
nation path. 

Parametric dependence, of pH of the reacting medium on 
the reaction rate has also been followed. It has been observed 
that the rate decreases m a regular pattern with increase of 
pH. This has been attributed to the possibility of dithionite 
undergoing hydrolysis as a result of which the available 
dithionite concentration for oxidation is reduced. 

It is expected that the present study would contribute 
to the understanding of kinetics and mechanism of this reaction 



CHAPTER 1 


INTRODUCTION 


1.1 general 

Solutions of sodium dithionite are used as powerful 
and rapid reducing agents for vat dyeing, ble?climg and for 
manufacture of various chemicals. The inherent instability 
of this compound with respect to atmospheric oxidation m 
aqueous solutions, however, lowers the efficiency of the 
solutions after prolonged storage. A considerable excess of 
sodium dithionite over stoichiometric amounts has, therefore, 
to be used. As an industrial, practice it would be very much 
desirable to minimise the excess consumption of sodium 
dithionite. It is essentially m regard to this problem 
that fhe kinetics of sodium dithionite oxidation in aqueous 
solutions has been studied m some details. The resulting 
information, however, is contradictory m many ways and 
therefore remains inconclusive. 

1. 2 Literature Review 

The earliest air oxidation study was conducted by 
Meyer [l]. He studied the oxidation of sodium dithionite by 
observing the oxygen uptake in shaken flasks containing aqueous 
sodium dithionite solution. The results showed that the product? 
of reaction were sulfite and sulfate. A primary reaction was 


proposed as 
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H 2 S 2°4 + H 2° + ° 2 = H 2 S0 4 + H 2 S °3 (l.l) 

Also, a competing reaction was described as 

2^2 S 2°4 ^^2^ = ^^2^3 (l.2) 

Prom overall reaction rates the author computed 
first order rate constants hut found that they drifted over 
a wide range. 

Basset and Durrant [2] studied the reaction between 
dithiomte and molecular oxygen. According to th^m the 
oxidation mechanism was based on the arguments that the 
dithiomte exists m three isomeric forms. Each isomer was 
believed to decompose m a way that all of the reaction 
products could be explained by one or more of the mechanisms. 
Although Basset and Durrant* s work is of considerable value 
as an compilation oi experimental observations of dithiomte 
reaction, subsequent work has invalidated their interpre- 
tations. 

Nicloux [3] determined the overall stoichiometry of 
the reaction between dithiomte and oxidising agent of 
varying strengths. Comparatively weak oxidizing agents such 
as silver ion, oxidized sodium dithiomte to sodium sulfite, 
with molecular oxygen, an equimolar mixture of sulfite and 
sulfate was formed. Finally with very strong oxidizing agent 
sulfate was the only product. Nicloux [3] established that 
aqueous solutions of ^ a 2^*2^4 react with oxygen according to 
the stoichiometry; 
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Na-S.CK + 0 o + H-0 = NeHSO. + NaHSO, (1.3) 

d d 4 2 d 4 ‘j 

No experimental details were given. 

Lynn [4] tried to get more experimental data on 
the rate of atmospheric oxidation of sodium dithionite with 
the objective of finding the conditions under which the rote 
of these reactions is reduced. The measurements were made 
at 50°, 60° and 70°C . The effect of ldaOH additive in the 
solutions on the rates of reaction was also measured. The 
reactions appeared to bo sufficiently complicated and no 
kinetic mechanism was ascertained for inhibition of this 
reaction. He suggested that the atmospheric oxidation of 
dithionite proceeded, according to first order mechanism 
with respect to dithionite and that rate increased with 
temperature. He stated that the overall stoichiometry was 
described by the reaction (1.3). 

An examination of his data at 50° C showed that the 
oxidation rate increased with increase m air flow which 
meant that the diffusion rate of oxygen was contributing 
factor. Without correcting for diffusion his results for 
actual oxygen-dithionite reaction were, therefore, only 
approximate. His experiments also showed that m presence 
of 0.1 M sodium hydroxide the rate was inhibited and the 
reaction proceeded smoothly. 

Rmker et ol. [5] conducted a study of air oxidation 
of sodium dithionite m aqueous solution which was 0.1 M in 
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sodium hydroxide. The concentration, of dithionite was 
measured as a function of time at 30°, 40°, 30° and 60°G. 
Under conditions m which diffusion of air was not controll- 
ing, it was found that the oxidation was half order with 
respect to dithionite and first order with respect to 
molecular oxygen. A free radical chain mechanism for 
dithionite oxidation, as given below, was proposed. 


S 2°4 


2 so; 


?°2 + °2 

?°2 + ?2 


Pi' + H 2° 


“•Complex B 
k^ 


S° 2 + ? 2 


k ; 


H0 o + OH 

* C- • 


S° 2 + 0- 


H°- + 00- 
H0- + BO- 
OH + SO" 


S0 2 + OH 


•SO 


k. 


jL. 


8 


SO^ + OH' 
S0~~+ OH 
S0 o + OH' 

c. • 

S0“+ H + 


" + |o 2 —2 — *-iso~ 


These authors, however, did not give any rate 
expression to satisfy their kinetic data,. 

Morello et al. [6] studied the rate of removal of 
0 2 from aqueous solution by sodium dithionite in 0.1 M 
sodium hydroxide m a rapid reaction apparatus, using a 
membrane covered polarogrophic cell to determine partial 
pressure of oxygen m the flowing liquid. The measurements 
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were made at 37°C so that their data could he applicable 
in studies of the kinetics of oxyhaemoglobm in blood. 

The initial concentrations m the mixed reacting solutions 
were between 8 x 10~^M and 47.5 x 10~^M for dithionite and 
either 10 x 10 - ^M or 47.8 x 10 - ^M for Og. The reaction 
over the first 40 msec was found to be first order with 
respect to dithionite and zero order with respect to molecule 
oxygen. The initial rate constant was 42.5 +3.6 sec - '*". 

Jhaven and Sharma [7] used a jet apparatus to study 
the kinetics of absorption of oxygen m aqueous solutions 
of sodium dithionite. The reaction was found to be first 
order with respect to dithionite concentration below 0.08 M 
and second order with respect to dithionite above 0.08 M. 

The reaction was also studied by them m a, stirred cell and 
a small laboratory packed column, wherein it was found to be 
zero order with respect to oxygen for all dithionite concen- 
trations. They also investigated the effect of NaOH concen- 
tration on the reaction rate. 

It has been claimed that variety of substances, as 
described below, could be used to retard the rate of this 
reaction. 

Mecco [8] suggested that at high temperature for 
vat dyeing the consumption of sodium dithionite is greatly 
increased. Addition of 0.01 to 1 per cent of a trialkano- 
lamine (based on the amount of dithionite) to the vat dyeing 
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bath decreases the consumption of hydrosulphite and 
improves the dyeing. Thus a bath containing NaOH, NaClO^, 
and triethanolamine was heated to approximately 200°IT and 
^^020^ was added. The rate of dithiomte consumption was 
approximately 0.11 oz/gal/min as measured by titration with 
a standard indigo solution. The consumption rate was twice as 
great as m a corresponding bath containing no tnethanolamm 
Manganese compound s, such as MnC^, MnSO^ and Mn-resmate, 
can be used to inhibit this oxidation reaction. 

Klemin [9] found that triethanolamine is the best 
stabilizing agent as compared to NaOH, Na^CO^, ethanol, 
pyridine, ethylene glycol and glycerol. 

It has also been suggested that sodium phosphate, 
syrum sodium silicate, pyrogallic acid, ammonium thiocynate 
and chloroform could be used to inhibit the rate of oxidation 
of dithionitc[38] . 

All of the investigators employed alkaline reaction 
medium since m acidic medium the reaction rates were observe 
to be extremely high to make meaningful measurements. Althoi 
the quantitative effect of pH on the oxidation rate has not 
been studied still an implication of this observation is 
that an increase m pH of the reacting medium tends to slow 
down the reaction. 

The kinetic analysis to establish reaction mechanism 
has not been projected as a focal point obviously because of 
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existing controversy m experimental results. As noted 
above that some substances are known to inhibit the oxidation 
of sodium dithionite solutions, yet there seems to be no 
reported data on kinetics and inhibition. This indicates 
the need for a study of existing techniques and the under- 
taking of an experimental study of this system with the 
object of obtaining rate data and establishing a reaction 
mechani sm. 

1.5 Measurement of Fast Reaction Rates 

In measurement of reaction rates m chemical kinetics 
the rates can vary from zero to very large values, and it is 
influenced by a large number of variables which describe the 
condition of the reacting system. Temperature, pressure, 
composition of reaction mixture , presence or absence of a 
catalyst /inhibitor - all of these may have an important 
effect on the reaction rate. 

Elimination or separation of diffusion effects from 
kinetic effects is the major problem determining the true 
kinetic reaction rate constant, while the rates of fast 
homogeneous reactions are measured m solution. 

Following are the methods published m the literature, 
for measuring the rates of fast homogeneous reactions in 


solution. 



1.3.1 Electrochemical Method 

The rate of a chemical reaction is measured m 
competition with rate of diffusion. The concentration at 
the surface is changed by the electrochemical method and 
the species are then formed by diffusion and chemical 
reaction m this reaction layer at the electrode surface. 

Delahey [10] has measured the potential-time transient 
at constant current at a mercury electrode. Various 
theoretical and experimental methods for the determination 
of tho rate constants of the kinetic processes are presented. 
Only the first order processes can be interpreted rigorously 
because theoretical analysis of the reactions of a higher 
order require the solution of non-linear differential 
equations: the mathematical treatment then involves approxi- 
mate methods. 

Pols ro gran hi c measurement studies were made by 
Levine et al. [ll] and Yagi and Inoue [12], The system used 
was oxygen sulfite ion m the liquid phase. The application 
of polarography with the dropping mercury electrode is 
limited in the anodic range of potentials by the oxidation 
of mercury. Kinetic and catalytic processes can only be 
studied semi -quantitatively by this method because of the 
complexity of hydrodynamic problem. 
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1.3.2 Magnetic Resonance Method 

Proton magnetic resonance in pure liquid ammonia, 

and m solutions of water, KNH 0 , NsNH 0 , Nil . Br and N^RBF., m 

2 2 4 3 3 

this solvent was studied by Ogg [13]. It is a semi - quanti- 
tative method. Only extremely fast or ultra-rapid reactions 
could be studied. This method is not applicable for high 
activation energy reactions. 

1.3.3 High Frequency Method 

Blving [14] has shown the application of high 
frequency oscillators to the measurements of rapid reaction. 
The author has described m detail the measurements of the 
rate of alkaline hydrolysis of esters. The high frequency 
technique has an mherrent limitation in that only one 
physical property such as conductance, refractive index or 
volume can be measured. The interpretation of this method 
are apparently more complex. For aqueous solutions, the 

applicability of the high frequency technique is limited to 

-1 -3 

concentration equivalent to 10 to 10 M m electrolyte 
i.e. quite dilute solutions. 

1.3.4 Radioactive Tracc-rs 

Radioactive tracer technique has been used by 
Himmelblau and Babb [15] to determine the kinetic reaction 
rate constants m the C 02 -NaHC 0 ^-Na 2 C 0 ^-H o 0 system at 
temperatures of 32°, 50° and 68°F. Earlier work related 
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to this technique has been described by Mills and Urey [16]. 
The essence of the procedure is to operate the system at 
chemical equilibrium and isotopic disequilibrium. The 
method is reliable end has applications m the field of 
heterogeneous reactions. A specialised laboratory is 
required for this technique because of its complexity. 

1.5.5 Flow Techniques : 

Hartndge and Roughton [17] have done the pioneering 
work on flow techniques. Their technique with modifications 
has been applied to reactions with half times from ten 
seconds to 0.001 second . The two solutions which are to 
react are placed m containers and driven thence into a mixing 
chamber j the emerging mixed fluid then passes down an obser- 
vation tube and at various cross sections the composition of 
flowing solution is determined by optical, thermal, chemical, 
electrical or other methods of analysis applicable to rapidly 
moving fluids. With a knowledge of flow velocity of the 
solution m the observation tube and of the position of 
observation, the amount of reaction can bo related to the 
amount of elapsed time since the two reactants were mixed. 

Roughton, Chance, Page and others [18-28] have 
described various applications of rapid mixing techniques. 

In all of the flow methods, mixing chamber requires a 
careful attention for optimum conditions. 
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Following are the various measuring techniques 
employed m the flow method. 

1.3. 5.1 Photo Electric Method 

Dalziel [27] has described the use of the modern 
spectrophotometer with the constant flow method. The 
design and scope of the apparatus have been described by 
Millikan [18], This method is applicable to reactions in 
which a reactant or product absorbs visible or ultravoilet 
light, while the other components do not. Coldm and 
Trowse [28] have described an apparatus for measuring the 
rates of fast reactions involving color charges in solution. 
The operation is semiautomatic and gives a complete photo- 
graphic record, thus avoiding personal error. 

1.3. 5. 2 Quenching Methods 

Pmsent [29] has described the application of 
conventional quenching methods to a Hart rid ge-R ought on type 
flow apparatus for reactions with half-times in the range 
50 m sec to 2 sec. Frost and Pee~rson [30] have described 
the fluorescence quenching. 

The results given by this method are reproducible 
to + 7 per cent for a reaction with a half-time of 50msec 
to 2 sec. 

1.3. 5.3 Thermal Methods 


The principle of thermal method consists simply m 
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measuring (by thermoelectric or other methods) the tempera- 
ture of mixed fluid at different cross-sections of the 
observation tube, and calculating from these measurements 
the amount of heat evolved and thence the amount of chemical 
change which has occurred [31]. 

Roughton [32] has extended the method of Hartridge 
and Roughton [31] to the measurement of tne amount of heat 
liberated m rapid reactions, within periods of 10msec or 
less from the commencement of such reaction. Roughton has 
carried out extensive tests of the physical sources of error 
involved m the measurement of thermo junctions of tempera- 
ture of rapid moving fluids. The above nerhod is also useful 
for slow reactions. Bateman and Roughton [33] further 
improved tlio apparatus by improved th^rm^l control which 
enabled them to follow to within 1-2 per cent the time course 
of heat effects over a period of 0 to 10 msec even when the 
total temperature change was no greater than 0.01°C. 

Roughton [34] applied the technique of Bateman and Roughton 
to the study of kinetics of formation of carbon dioxide from 
bicarbonate with acid. 

Pearson et al. [35] have further developed the flow 
calorimeters of Bateman and Roughton. It is a constant flow 
type, where a stationary state of reaction establishes 
itself at any point m the observation tube. Thoy used a 
galvanometer of much shorter period than that used by Bateman 
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and Roughton and a recording system which shortened the 
response time of the temperature sensing system. 

Pmsent , Pearson and Roughton [36, 37] used the 
technique developed by Pearson, Pmsent and Roughton [35]. 

The above authors studied the kinetics of combination of 
carbon dioxide with ammonia. The published data are 
considerably more extensive than any hitherto available. 

Except for Hartndge and Roughton' s method, the 
methods described are seldom used. Most of them have 
limited use as discussed previously. The rapid flow thermal 
method has allowed the determination of the heat of reaction 
in some instances as well as reaction kinetics. It was 
considered to be worthwhile to use Roughton' s rapid thermal 
method to study the kinetics of homogeneous liquid phase 
reactions. In this approach the experiment could be designed 
m such a way that the diffusion influence- is negligible, 
and thus a true reaction kinetics for the oxidation of sodium 
dithionite can be established. 

1.4. Present Work 

The objective of this work has therefore been (a) to 
determine the rate data of the homogeneous liquid phase 
oxidation reaction of sodium dithionite m wide ranges of 
temperature, pH, and reactant concentrations (b) to study 
the effect of inhibitors such as manganese chloride, manganese 
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sulfate and triethanolamine as inhibitors and and (c) to 
establish a reaction mechanism of dithiomte oxidation. 

In this investigation, measurements were made of 
the homogeneous reaction rate by a flow thermal method. 



CHAPTER 2 


EXPERIMENTAL APPARATUS AND PROCEDURE 

The entire equipment was designed and fabricated 
for studying the kinetics of fast homogeneous liquid phase 
reactions using a flow thermal method. The details of the 
experimental set up followed by tbe experimental procedure 
are given below. 

2.1 Overall Description 

The schematic flow diagram of the experimental 
set up is shown m Figure 1. 

The basic elements of the set up are the storage 
tanks, thermostatic bath, control valves, flowmeters, mixer 
and an observation tube. The liquid storage tanks and all 
the metal parts of the equipment except the thermostatic 
bath were fabricated from 316 stainless steel. The constant 
temperature water bath was fabricated from brass. The 
mixing chamber and the reactor were constructed from plasti 
so that the reactant solution did not come m contact with 
metal m the part of the apparatus where the rate measure- 
ments were made. All liquid lines and the outlet from the 
observation tube were made 3/8 inch o.d. Swagelok type 
tube fittings made out from polypropylene and Globe needle 
■waives made out from 316 stainless steel were used m the 





pparatus 









K ey to Figure 1 


1. Dithiomte Feed Tank 

2. Oxygen Feed Tank 

3. Constant Temperature Water Bath 

4. Safety Valves 

5. Dithiomte Feed Valve 

6. Distilled Water Feed Valve 

7. Rotameter 

8. Mixer 

9. Observation Tube 

10. Thermocouple 

11. Oxygen Sample Tap 

12. Nitrogen Supply Cylinder 

13. Oxygen Sunply Cylinder 
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equipment. The following capabilities and characteristics 
are provided for: 

1. The flow rate can be controlled to vary less 
than 1 per cent. 

2. The temperature of the thermostatic bath can 
be controlled to within + 0.1°0. 

3. Mixing is extremely rapid. 

4. Output response from the thermocouples is 
measured by means of Keithley Model 149 
Microvoltmeter with a quick response and good 
stability. 

5. Increased concentration of oxygen could be 
obtained by operating the system at elevated 
pressure. 

2.2 Observation Tube 

The observation tube consisted at length of l/4 inch 
o.d. by 1/8 inch l.d. plexiglass tubing. It was connected 
to the mixing chamber by means of a plastic male connector. 

A number of Swagelok type tees made out from polypropylene 
were provided to locate thermocouples in the observation 
tube. The outlet of the observation tube was connected to 
a 3/8 inch drain line through a needle valve to control the 
desorption of the dissolved gas, if any. The reactor was 
wrapped with approximately two inches of Fiberglass and 
Asbestos insulation to minimize heat transfer to the surround- 


ings. 



19 


2.3 Mixing Chamber 

The mixer, as shown in Figure 2 was constructed 
from a 4"xl" xl M block of plexiglass. The two fluid streams 
entered the mixer m opposite direction through 3/8” to 
1/8" reducers, whence they were ejected into the mixing 
chamber as two jets. Due to the turbulence created m the 
mixer, mixing was completed m an extremely short time. 

One outlet of the mixing chamber ms connected to obser- 
vation tube while the otner was used to locate thermocouples 
at the mixing points. The mixer was insulated with approxi- 
mately two inches of fiberglass and asbestos insulation. 

2.4 Temperature Measurements 

The different measurements of the temperature were 
made by employing pairs of thermocouples opposed m series 
to give increased response to the small temperature ranges. 

The wires of the thermocouples were used to transmit potential 
difference to the microvoltmeter. The details of the thermo- 
couples are described below. 

Extreme care was required m preparing the thermo- 
couples which were to be inserted in the reactor since they 
were required to withstand upto 50 psig and to function 
properly m alkali and aqueous salt solutions. The thermo- 
couples were made of 24 gauge copper and constantan wires. 

The hot junction of the thermocouple was made by wrapping 
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one wire about the other for a short distance and then 
joining the wires together by fusion with an electric arc. 

Pour such thermocouples were made and connected opposite 
m series. Each lead from the pair of thermocouple junctions 
was inserted m a l/4 inch plexiglass tube which was then 
sealed with epoxy resin cement. The thermocouple junctions 
and immersion leads which were exDOsed to the alkali or 
salt solution also were coated with epoxy resin. The 
thermocouple inserts thus formed were then placed into the 
mixing chamber and the observation tube through a male 
connector and a tubing tee, respectively. The thermocouples 
were calibrated against a 25 ohm Leeds and Northrup platinum 
resistance thermometer and Muller bridge assembly. The 
procedure and calibration curve are presented m Appendix A. 

2.5 Pressurized Storage Tanks 

Two stainless steel tanks with a capacity of six 
liters each, were used to store and supply two feed solutions, 
one of oxygen dissolved m distilled water and other of an 
aqueous solution of sodium dithionite, to the mixing chamber 
at constant pressure. Nitrogen was used to pressurize the 
tanks and on occassion to stirr the dithionite solution by 
bubbling through the tank. The tanks were provided with 
a pressure tight flange at the top with two holes fitted 
with 5/8 inch valves and fittings, one for charging feed 
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solution and other for admitting gas. Safety valves were 
provided at the top of the storage tanks as shown m the 
flow diagram, Figure 1. Both the tanks were kept in a 
constant temperature water bath. The male connectors of 
the glass lines were bore to pass 3/8 inch stainless steel 
tubing from the valves to one inch above the base of the 
storage tanks to bubble the gas or to stirr the solution 
by nitrogen through the tubing. The oxygon supply cylinder 
was directly connected to its feed tank whore as a nitrogen 
supply cylinder could be connected either to dithionite food 
tank or both the storage tanks, defending upon whether used 
as a stirring medium or to pressurize the system. Flexible 
copper tubing connected the regulators of the suuply cylinders 
to the valves of the feed tanks. 

Oxygen was bubbled into the feed tank containing 
distilled water under pressure, thereby producing a solution 
of dissolved oxygen. The two solutions were forced by 
admitting nitrogen pressure to pass through the mixing 
chamber. Valved inlets for charging feed solutions were 
used as vents cracking slightly to allow the oxygen to 
bubble slowly through the water and nitrogen to stirr the 
dithionite solution. 

The bottom of the storage tanks were connected by 
3/8 inch o.d. stainless steel tubes which were provided with 
control valves. This was again connected to the inlets of 
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of the nixing chamber via flow meters. These tubes were 
wrapped with approximately two inches of fiberglass and 
asbestos insulation to minimize heat transfer to the 
surroundi ngs . 

2.6 Constant Temperature Control 

Constant temperature water bath was used to maintain 
a constant temperature for both storage tanks. A Jumo- 
German contact thermometer, 0-l00°C, which was dipped m 
the bath and connected to a relay device, was used along 
with a Remmi-Stirrer and a precision thermometer to control 
the bath temperature to an accuracy of + 0.1°C. 

2.7 Flow Rate Measurements 

Gilmond flow meters were used to measure the flow 
rates. The flow meter for dithionite solution provided a 
flow range 0 to 16 ml per second while that for oxygen 
solution provided a flow range of 0 to 35 ml per second. 

The accuracy of the flow meters was + 1 per cent of full 
scale. 

The reliability of the equipment has been checked 
using the NaOH-CO^ system [39,40]. The average of the 
second order rate constant agreed within 5 per cent with 
the value reported by Pinsent et al. [36], 
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2*8 Experimental Procedure 
2*8*1 Uninhibited Runs 

Before each run, distilled water was charged to 
tank 2 and the oxygen was bubbled through the tank at a 
pressure for ’desired concentration for four to five hours 
to produce an oxygen solution. Sodium dithionite of the 
desired concentration was charged to the other tank. It 
was also allowed for four to five hours to attain temperature 
equilibrium. The sodium dithionite solution was occasionally 
stirred with nitrogen. 

Microvoltmcter was stabilized by turning it on half 
an hour before taking readings. 

After the temperature equilibrium was attained the 
tanks were pressurized by nitrogen to 50 psig. Firstly, 
each solution was allowed to pass separately m order to 
set the microvoltmeter to zero reading with the help of zero 
suppress knobs to account for any temperature change due to 
friction or heat transfer to the surroundings. Then, both 
the solutions were allowed to pass through the rotameters 
to the mixing chamber, and hence down the reactor, where 
the reaction occurred. Flow rates were adjusted to provide 
the desired ratio of the two reactant streams. A steady 
value of the differential e.m.f. from the thermocouples 
located at the mixing points and a point along the obser- 
vation tube was obtained within seconds on the microvoltmcter. 
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The overall time required for a completed run was about 
20—40 seconds. 

The concentration of sodium dithiomte was determined 
by the iodimetnc[4l] method. The method is based upon the 
fact that when sodium hydro sulfite (Wag SgO^ ) is added to 
an excess of formaldehyde, the sodium hydrosulfite couples 
with the formaldehyde to form the stable sodium formaldehyde 
sulfoxylate which is then titrated with iodine. From this 
titration the percentage of NagSgO^ is readily calculated. 

The reagents used for this analysis were iodine 
solution (0.1W) , formaldehyde solution (pH=9) and acetic 
acid solution (20 per cent). 

The determination of absorbed oxygon m water was 
made by Winkler’s method [42]. First of all, 1 ml of 
potassium iodide and 1 ml of manganese chloride solutions 
were added to the sampling bomb. Just prior to taking the 
sample of the oxygen stream the bomb was evacuated for two 
minutes. The bomb was attached to the sample point, and 
the sample was gradually admitted to the bomb under elevated 
pressure. By measuring the weight of the bomb before and 
after the solution was passed m, the weight of solution 
added in the bomb was known. 

The dissolved oxygen reacted with the reagents m the 
sampling bomb forming an intermediate precipitate. The 
contents of the bomb were transferred to an Erlenmeyer flask 
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and boiling distilled water was rinsed through the sample 
bomb and added along with 3 ml of concentrated hydrochloric 
acid to the Erlenmeyer flask. This acid dissolved the 
precipitate readily with Integral; non of iodine which was 
titrated with sodium thiosulfate. 

* The runs were carried out at 30°C. The average 

concentration of sodium dithionite varied from 3.85 x 10 - ^ 

to 1.0 x 10 and oxygen concentration from 5 x 10""^ to 
-3 

3 x 10 M. The apparent activation energy was determined by 
varying the temperature between 30 and 90°C. The pH was 
maintained at a constant value of 11 by addition of small 
amounts of alkali. The pH was varied from 8 to 11 to study 
the effect of pH on reaction rate. The measurements of pH 
were made with the help of Philips PR 9405 M precision pH 
meter. 

2.8.2 Inhibited Runs 

The experimental technique was essentially the same 
as that for uninhibited runs. Manganese chloride, manganese 
sulfate and triethanolamine were used as the inhibitors 
m the present study. The inhibitor was added m equal 
strength to both the storage tanks m order to get constant 
average molar inhibitor concentration. The inhibitor concen- 
tration needed for an experiment was taken from a strong 
solution of known concentration and diluted with distilled 
water. 
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Most of the experiments were earned out at a 

dithionite concentration of 7.7 x 10 M, oxygen concentration 

-"5 -3 

of 1.2 x 10 M and inhibitor concentration of 1.0 x 10 M 

a+ a temperature of 30°C. In order to study the effect 

of inhibitor on the reaction rate* the concentration of 

inhibitor was varied from 1.0 x 10“^ to 1.0 x 10“%. The 

-5 

concentration of dithionite varied from 3.85 x 10 to 

—1 —4 

1.0 x 10 M and oxygen concentration from 5.0 x 10 to 

—3 

3.0 x 10 M for the pur-pose of determining the reaction order 
m dithionite and oxygen, respectively. The pH was maintained 
at a constant value of 8 to study the effect of inhibitor 
concentration on the reaction rate. In other cases the pH 
was kept as 11. Tho reaction temperature for all inhibited 
runs was 30°C. 

All experimental data for uninhibited and inhibited 
runs are presented m Appendices B to E. 



CHAPTER 5 


RESULTS AND DISCUSSIOH: UNINHIBITED RUNS 

The experimental data for uninhibited runs have 
been presented in Appendix B. 

In most of the experiments the dithionite was 
completely consumed (Tables 4, 8 and 10, Appendix B) as 
evidenced by the plateau reached m the temperature profile 
along the observation tube. The energy liberated by 
reaction raised the temperature of the solution and the 
total temperature rise was measured. The oxygen concen- 
tration, M, was determined by the energy balance A H^xM 
= M x Cp. The mean heat capacity, Cp, of the solution 
was that of water since the dithionite concentration was 
low, e.g. , the range was from 5.85 x 10~^ M to 1.0 x 10~^M. 

The experimental data were obtained as potential 
differences along the observation tube. Plotting temperature 
difference versus residence time indicated linear relation- 
ship. Typical examples of the change m temperature as a 
function of residence time (runs RD-2, RD-5) are shown 
m Pigure 3. The rate of oxygen consumption was calculated 
from the slope of such lines. A sample calculation (for 
run RD-2) is given in Appendix B. 
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The overall stoichiometry for the oxidation of 
dithionite has been described [3,4,7] by the equation 

1% 2 S 2 0 4 + 0 2 + H 2 0 — NaHSO^ + NaHSC> 4 (3.1 

The standard enthalpy of reaction is -135.1 + 8 kcal/g-m 
of oxygen reacted [43, 44]. 

From the plots (Figure 3) one can observe the 
straight lines with different slopes upto the point where 
dithionite was completely consumed. The temperature corr 
ponding to this point resulted in the heat of reaction of 
-130.1 +9.9 kcal/ g-mole which approximately correspond ec 
to the enthalpy of the overall reaction given by Equation 
(3.1). Table 1 gives the calculated enthalpy for all the 
runs where the plateau was reached. The present results 
clearly establish the stoichiometric Equation (3.l), withij 
experimental error. 

It is not the intention at this time to enter into 
analyses in detail of the determination of the heat of 
reaction, but rather to offer the stoichiometry as means 
of calculating the rate of reaction. All the calculations 
reported m this thesis are based on a AH^ = -135.1 kcal/ 
mol of oxygen reacted. 

3.1 Effect of pH on Reaction Rate 

It has been reported by several authors [5,6] th? t 



TABLE 1: ENTHALPY OP DITHIONITE OXIDATION 


Run 

In Reactor 


Maximum 
rise in 
tempera- 
ture . (°c ) 

- A H 

2 98 

Real/ g-mole 

No. 

Average dithio- 
nite cone. (M) 

Average oxygen 
cone. (M) 

RP-1 

3.85 x 

10-5 

0.0012 

0.0049 

128. 6 

RP-2 

3.85 x 

10*5 

0.0012 

0.005 

129.9 

RP-3 

3.85 x 

IQ" 5 

0.0012 

0.005 

129. 9 

RP-4 

7.72 x 

10-5 

0.0012 

0.010 

129.5 

RP-5 

7.72 x 

10“5 

0.0012 

0,011 

142.5 

RP-6 

7.72 x 

10-5 

0.0012 

0.010 

129.5 

RP-7 

38.50 x 

10' 5 

0.0012 

0.050 

129.9 

RP-8 

38.50 x 

10-5 

0.0012 

0.050 

129.9 

RP-9 

38. 50 x 

10-5 

0.0012 

0.049 

127.3 

BP -10 

7.71 x 

10 -4 

0.0012 

0.100 

129.7 

BP -11 

7.71 x 

10- 4 

0.0012 

0.097 

125.8 

BP-12 

7.71 x 

10" 4 

0.0012 

0.100 

129.7 

BD-1 

3.85 x 

10-5 

0.0012 

0.005 

129.9 

RD-2 

7.72 x 

10-5 

0.0013 

0.010 

129.5 

RD-3 

23.17x 

10-5 

0.0013 

0.030 

129.5 

RD-4 

38.57x 

10“5 

0.0012 

0.050 

129.6 

RD-5 

46.28x 

10-5 

0.0014 

0.060 

129.6 

RD-6 

61. 66x 

10-5 

0.0015 

0.083 

134.6 

RD-7 

77. 80x 

10 “5 

0.0013 

0.100 

128.5 

RT-1 

7.72 x 

lO -5 

0.0012 

0.010 

129.5 

RT-5 

7.72 x 

IQ -5 

0.0012 

0.010 
^ H 298 = 

129.5 

=130.1+9.9 
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the reaction rate m low pH range was high enough to have 
meaningful measurements. In alkaline medium, however, it 
was found that the rates were measurable and that is why 
most of these authors conducted the experiments in alkaline 
medium. However, no detailed study of the variation of pH 
was made for the oxidation of dithiomte. 

In the present work a number of experiments were 
performed at various pH [8-11] values of reactant solutions 
to demonstrate its effect on reaction rate at 30°G. The 
data are presented in Tables 4, 5, 8 and 9, Appendix B. 

The dithiomte concentration was kept constant at four 

_R -4 

different values m the range of 3.8 x 10 to 7.7 x 10 M. 
For all runs the oxygen concentration was kept as 0.0012 M. 
The results are shown in Figures 4 and 5. 

The experimental results show that rate decreases 
with the increase m pH values. It is possible that 
dithiomte undergoes hydrolysis [45] which would partially 
remove dithiomte ion from the reaction medium reducing 
thereby its effective concentration available for oxidation 
reaction. The higher the concentration of OH ions l.c. 
increased values of pH, greater would be the extent of 
hydrolysis reaction resulting m increased depletion of 
dithionite concentrations and thus decreasing the rate of 
oxidation effectively. 
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5*2 Effect of Oxygen Concentration 

Tables 6 and 7, Appendix B give the rate data for 
the effect of oxygen concentration on the reaction rate 
for uninhibited runs. All the experiments were conducted 
at 30°C and pH = 11. The oxygen concentration was varied 

keeping the dithionite concentration constant. The range 

-4 

of variation of oxygen concentration was from 5.4 x 10 to 

_3 

3.0 x 10 M. Four dithionite concentrations were chosen 
for this study m the range of 3.8 x 10 - ^ to 1.0 x 10*’"'% . 

The relation of rate versus oxygen concentration 
is shown in Figure 6. Horizontal lines show that over a 
wide range of oxygen concentration, the reaction rate was 
found to b^ independent of oxygen concentration. This is 
m agreement with the results of previous investigators[ 6 , 7] . 

3.5 Effect of Dithionite Concentration 

To study the effect of dithionite concentration on 
the rate of reaction, a number of experiments were performed 
at various dithionite concentrations. The data have been 
presented m Tables 8 and 9, Appendix B. The reaction 
conditions were maintained at a temperature of 30°C and 
pH of 11. The concentrations of dithionite ranged from 
3.8 x 10 to 1.0 x 10 M. The raze of oxygen consumption 
is shown as a function of average dithionite concentration 
m Figure 7. All the data shown m this figure correspond 



© [S 2 G 4 ] =3 8x10 M 
A [S 2 O 4 ] =7 7x 10 4 M 
o [S 2 O 4 ] =1.2 xIO 2 M 
o [S 2 O 4 ] =1 OxlO 1 M 


Average oxygen concn x 10 , M 


6 -Effect of oxygen concentration on reaction rate 

at 30°C . pH = 11 
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to an average oxygen concentration of 0.0012 M. Rate 
against dithionite concentration resulted in one power 
relation. The first order rate constant calculated was 
1.3 sec - ''" with a standard deviation of 0.1. 

As part of physiological studies in terms of oxygon 
absorption m haemoglobin Morello et al. [6] studied the 
rate of reaction of dithionite ion with oxygen m aqueous 
solutions employing the rapid mixing apparatus. The oxygen 
concentrations during the course of reaction were measured 

by a polarographic technique. The initial range of dithionitf 

-5 -4 

concentrations were from 8 x 10 to 4.7 x 10 M while the 
oxygen concentration was 10 x 10 M. They reported that 
the reaction was first order with respect to dithionite and 
zero order with respect to molecular oxygen. This is in 
complete agreement with the results of present study. 

Morello et al. [6] further indicate that the first order 
rate constant would have an initial value greater than 
42 sec. - '*" at a pH of 7 or 8. The rate constant calculated 
on the basis of present experiments at a pH of 8 comes to 
a value of 69 sec - "'". 

Rinker et al. [5] studied the air oxidation of sodium 
dithionite m aqueous solutions which was 0.1 M in sodium 

hydroxide. The initial concentrations of dithionite varied 

—3 -3 

from 5 x 10 to 20 x 10 M. Under conditions m which 
diffusion of air was not controlling the rate the authors 
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observed that the oxidation was half order with respect 
to dithionite. These results are m disagreement with 
the present findings. It is interesting, however, to compare 
the reaction rates at compatible dithionite concentrations 
and pH values with the assumption that oxygen concentration 
does not affect the reaction rate. The interpolated value 
of the reaction rate at a dithionite concentration of 
7.7 x 10 " 5 M from Rinkers et al. [5] data comes to approxi- 
mately 4 x 10”° M/sec. This would be at 0.1 M HaOH, or 
at a pH of 13. The extrapolated value of reaction rate at 
the dithionite concentration of 7.7 x 10 from the curve 
of pH versus reaction rates (Figure 4) reads approximately 

C 

6 x 10 M/sec which is m good agreement with the value 
of Rinker et al.[5]. 

3.4 Apparent Activation Energy 

In order to determine the apparent activation energy, 
experiments were carried out at five different temperatures 
m the range 30 - 90°C, while keeping the average concentra- 
tions of dithionite and oxygen approximately constant at 
7.7 x 10” 5 M and 0.0012 M respectively. The pH value was 
maintained as 11. The rate data are given m Tables 10 
and 11, Appendix B. The logarithm of rate of reaction of 
oxygen was plotted with the inverse of absolute temperatures 
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at the temperatures of 30° 45°, 60°, 75°, 90°C (Figure 8)* 
The apparent activation energy for the overall oxidation 
was calculated to be 17.5 kcal per g-mole. This value of 
activation energy is typical of the values for homogeneous 
reactions [5, 46]. 
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Fig 8 -Effect of temperature on reaction rate, p H = 1 1 




CHAPTER 4 


RESULTS AND DISCUSSION: INHIBITED RUN S 


The most significant feature of the dithionite 
oxidation is its marked sensitivity to inhibitors [8, 9 , 

38], In fact, the dithionite oxidation proceeded remarkably 
slow when the inhibitors were added. 

A study of the rate of oxidation versus the inhibitor 
concentration should give more precise information 
on tire role of inhibitor m the free radical formation 
reaction To clarify the denendence on the inhibitor a 
series of experiments were performed at approximately 

constant dithionite concentration of 7.7 x 10 M and 

-4 —2 

inhibitor concentration in the range of 10 to 10 M. 
Appendices C, D and E contain all the recorded and calculate 
data in presence of inhibitors, manganese chloride, manganes 
sulfate and triethanolamine, respectively. Results and 
discussion of the inhibitors are described individually 
in the following: 

4.1 Inhibition with Manganese Chloride 

Sodium dithionite oxidation reaction was inhibited 
with mangane chloride. The experimental data for this 
study have been given m Tables 12-17, Appendix C. 
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Experiments were conducted to study the effect of MnCl 2 , 
oxygen and sodium dithionite on the rate of this reaction 
at 30°C. 

4.1.1 Effect of MnCl^ Concentration 

To clarify the dependence of MnCl^ on the rate of 
dithionite oxidation, experiments were performed at constant 

average dithionite and oxygen concentrations of 7.7 x 10~^M 

—3 

and 1.2 x 10 M, respectively. The MnCl 2 concentration 
for these experiments varied from 1.0 x 10 -4 M to 1.0 x 10“ 2 H 
The pH was kept at 8. The experimental data are given m 
Tables 12 and 13, Appendix C. The results of these experi- 
ments are shown m Figure 9. The apparent order of the 
reaction with respect to MnCl 2 concentration was found to 
be 0.8. 

4.1.2 Effect of Oxygen Concentration 

At a constant concentration of 7.7 x 10~^M for 
dithionite and 1.0 x 10 for MnCl 2 the experiments at a 
pH of 11 were conducted for various oxygen concentrations 
m the range of 5.0 x 10 -4 to 3.0 x 10“ 5 M. The experi- 
mental measurements and calculated data have been tabulated 
m Tables 14 and 15, Appendix C. Figure 10 gives the 
effect of oxygen concentration m the presence of MnCl 2 - 





Average oxygen cone x10,M 


Effect 


oxygen concentration in presence of 
M n Cl? at 30 °C 
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inhibitor for dithionite oxidation. A zero order effect 
of oxygen concentration on reaction rate was found. 

4.1,3 Effect of Dithionite Concentration 

Tables 16 and 17, Appendix C present the experi- 
mental findings to demonstrate the effect of sodium 
dithionite on the rate of reaction m presence of MnCl^ 
inhibitor. The concentrations of oxygen and MnCl in all 

_3 

these experiments were kept constant at values of 1.2 x 10 I 

—3 

and 1.0 x 10 M, respectively. The dithionite concen- 
tration was varied from 3.85 x 10 - '’ M to 1.0 x lO”^" M. 

These experiments were conducted at a pH of 11. Figure 11 
shows the rate of oxygen consumption as a function of 
average dithionite concentration. The rate resulted m 
one power relation. 

4.? Inhibition with Manganese Sulfate 

Reaction conditions for dithionite oxidation in 
presence of MnSO^ - inhibitor were approximately kept the 
same as for inhibition with MnCQ^ as m section 4.1. 

Recorded and calculated data for these experiments are 
given m Tables 18-23, Appendix D. The results are plotted 
m Figures 12, 13 and 14. 
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Fig 11 - Effect of dithiomte concentration in presence 
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4.2.1 Effect of MnSO^ Concentration. 

At a pH of 8 various experiments were conducted at 
constant concentrations of sodium dithionite and oxygen 
at values of 7.7 x 10 M and 1.2 x 10""^ M respectively. 

The range of MnSO^ concentration variation was 10 — ^ to 

—2 

10 M. Tables 18 and 19, Appendix D give the data for 
these experiments. Figure 12 shows that the order of 
reaction rate - variation with respect to MnSO^ concen- 
tration is 0.9. 

4.2.2 Effect of Oxygen Concentration 

Experiments were conducted under the identical 
conditions as in 4.1.1 except that MnSO^ was used in place 
of MnCl^ to inhibit the reaction rate. Tables 20 and 21, 
Appendix D give the recorded and calculated data for these 
experiments. Figure 13 gives that there is no effect of 
addition of oxygen concentration on reaction rate. 

4.2.3 Effect of Dithionite Concentration 

The data for inhibited rates of dithionite oxidation 
with MnSO^ are presented m Tables 22 and 23, Appendix D. 
Oxygen and MnSO^ concentrations were kept as 1.2 x 10~^ M 
and 1.0 x 10 M, respectively. The reaction temperature 
was 30°C and pH of reactant solutions was 11. The dithionite^ 





Fig 12 -Effect of Mn SO 4 concentrati on at 30°C 




Reaction rate,- — — — x 10, g mole/lit- sec 


5C 



Average oxygen cone xIO^M 


Fig 13 - Effect of oxygen concentration in presence 

of M n SO 4 at 30°C 
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-5 

concentration varied m the range of 3.8 x 10 to 
1.2 x 10“ 2 M. The logarithmic of rate versus logarithmic 
of average dithionite concentration has heen plotted in 
Figure 14. The slope of line indicated the first order 
variation of rate with respect of dithionite concentration. 

4.5 Inhibition with Triethanolamine 

Triethanolamine can "be used to inhibit the dithionite 
oxidation reaction since it has b^en known to posses [9] a 
solvation capacity, a high affinity of the ion to sodium 
dithionite, and a reducing capacity. 

Experimental data are presented in Tables 24 to 29 , 
Appendix E. Reaction temperature was constant at 30°C^ 

4.5.1 Effect of Triethanolamine Concentration 

The effect of triethanolamine concentration on the 
rate of dithionite oxidation was studied at a pH of 8. The 
concentrations of dithionite and oxygen solutions were kept 

_cr 

constant as 7.7 x 10 J and 1.2 x 10 M, respectively. 

Tables 24 and 25, Appendix E show all measured and calculated 

-4 

values. Triethanolamine concentration varied from 1.0 x 10 
to 1.0 x 10" 2 M. 

Figure 15 shows the results of these experiments 
(Table 16). The apparent order of the reaction with respect 
to triethanolamine inhibitor was found to be 0.R, m corlstras 

CENi.- • SY 



[MnS04J = 1 0x10 M 
[0?] =1 2 x10 3 M 


Average ditmomte cone x 10 , M 


14 -Effect o f dithionite on reaction rate in presence of 

Mn504 at 30°C 





Reaction rate, - — — — x 10 , g mole/lit - sec 



I 15 -Effect of triethanolamine concentration on 

reaction rate at 30 °C 
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to the value of Mn based inhibitors. 

4.5.2 Effect of Reactant Concentrations 

These experiments are performed under the identical 
conditions as m 4.1 and 4.2 except inhibitor triethanol- 
amine was used m place of MnC^ and MnSO^. Data have 
been presented m Tables 26-29, Appendix E. Results are 
plotted m figures 16 and 17. Again there were zero order 
and first order dependences of oxygen end dithiomte, 
respectively. 

The rate constants and standard deviations were 
calculated for each set of experiments. The results are 
summarized m Table 2. An examination of the standard 
deviations show that the uncertainty is very low. 

for comparison, the results of the uninhibited and 
inhibited runs are shown m figure 18. It is seen that 
under identical conditions of pH, temperature and reactant 
concentrations, the inhibiting effects of MnCl^ and MnSO^ 
were comparatively higher than that of triethanolamine. 

The rate reduced two times m the presence of triethanolamine 
and eight times with manganese salts. 

There appears to be no data available on inhibition, ' 
and therefore, it limits the discussion on these results. 
However, based on these findings a reaction mechanism has i 
been proposed, as described m the next chapter. 



Reaction rate - x 10 g mole/ht-sec 


[S2O4] --7 7xt0 5 M 
[(OHCH2CH2)3M] =10x10 


Average oxygen cone xlu , M 


16 - Effect of oxygen on reac tion rate 
presence of triethanolamine at 30°C 
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CHAPTER 5 


REACTION MECHANT SM 

The complexity of sodium dithiomte oxidation 
reaction and its senstivity to inhibition suggest that 
it proceeds by radical chains. A mechanism which satisfies 
established order of reaction with respect to dithiomte 
and oxygen and m which the initial step was dissociation 
of dithiomte to produce a free radical, is given as 

1. S 2 0" \ 2 SO 2 

- k 2 - 

2. S0 2 + 0 2 — S0 4 

3. S0 4 + H 2 0 2 — HS0 4 + OH 

k 

4. s 2 °4~ + 0H HSO~ + S0“ 

k cr 

5. S0 4 + OH 2 — ^Inactive product 

The above steps represent a typical chain reaction. 

5.1 Derivation of Rate Bx-pre s si on-Uni nhibi tod 

The reaction (l) is an initiation step m which 
SO" produced acts ss active centers [4,5,47]. Then the 
propagation step (2) produces another active center, S0 4 . 

The sulfate ion radicals react with water to form HS0 4 . The 
OH radical produced m step (3) reacts with dithiomte to 
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produce HSO^ ions as shown by step (4). These steps 
have ample precedence m the literature [45, 48, 49]. 

Since the rate of reaction is independent of oxygen con- 
centration, the oxygen addition step is the most rapid 
step and therefore, does not limit the overall rate. In 
aqueous medium the probability of water influencing the 
overall rate seems to be remote, thus excluding step (3) 
as the controlling step. So the active center S0~ is 
present m low concentration as compared to OH and S07. 

It may, therefore, bo assumed that the active centers SO^ 
and OH are rate limiting. In the present scheme, obviously, 
the significant termination step is reaction (5). 

The rate of oxygen consumption is given by the 
rate determining step (4) which is written as 

d[0„] 

- -at— = \ [s 2 o~ ] [oh] (5.1) 

To derive the final rate expression following 
equations can be written, 

d[s°:i 

dt ~ k i I- S 2°4 ^ ~ k 2^f°2^ ^°2-® 

+ [ S 2 0“*] [OH] (5.2) 

d[S07] 

—tt = k 2 [ao“] [0 2 ] -k 3 [so-] [H 2 0] 


" k 5 [SO-] [OH] 


(5.3) 
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d[OH] 

~j~ = k 3 [S0“] [H 2 0] - k 4 [S 2 0“-] [OH] 

+ k 5 [SO"] [OH] (5.4) 


Assuming that steady state concentrations 
exist for S0“ , S07 and OH radicals, left hand side of 
Equations 5.2, 5.3 and 5.4 equal to zero. Following 
concentrations can be derived 


[so 2 ] 
[so-] 

[OH] 

ft 


Substitution of 


rs 2 °--] < k i + V? H i> 

CTvn 


k 2 [S°J] [Oy] 


(5.5) 


(5.6) 


k 3 [H 2 0] + k 5 [0H] 

_ k ,[S04 ] [HgO] 

i 4 [s 2 oy] + k 5 [SO-] 

[ S0 2 ] from Equation 5.5 m Equation 5.6 


(5.7) 


gives 


[SO'] 


[S 2 0 4 ](k ± + k 4 [0H]) 
k 3 [H 2 0] + k 5 [OH] 


(5.8) 


The expression for [OH] is obtained after eli- 
minating [SO"] from Equations 5.7 and 5.8 


[OH] 



(5.9) 


The square of the concentration of radical [OH] 
has been neglected since the radical concentration itself 
is very low. Substituting [OH] from Equation 5.9 m 
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Equation 5.1 we obtain 
d[0 ] k, k, 

--at- = -^ t H 2°] [ s 2°ri (5 ' 10) 

0 

whence , 

d[Oj 

T~ ~ I- ^2^4 (5.1l) 

k k 

where [H^O] (5.12) 

5 

The rate expression 5.11 is consistent with the 
experimental orders for uninhibited dithionite oxidation 
reaction. 

5.2 Derivation of Rate Expressions - Inhibited : 

The inhibiting effect of MnC^, MnSO^ and 
triethanolamine may be attributed to the direct termination 
and/or deactivation of active radicals, for example, the 
transfer reaction between radicals and inhibitors or the 
formation of an inactive complex by the inhibitors. There- 
fore, it is fair to assume that the chain termination 
proceeds according to 

6. SO^ + [I] — Inactive Product, 

since S0“ radical is present m high concentration. 

Indeed, this chain termination by the inhibitor is 
competitive with the reaction (5) , but m the presence of 
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appreciable concentration of manganese salts, the 
former reaction will be predominant. 

When the termination proceeds according to step (6), 
the following equations can be derived. 


[®z] 

[OH] 


[S 2 0“~] (k x + k 4 [OH ] 

k 2 [° 2 ] 

k 2 [S0 2 ] [ 0 ^2 

[H 2 0] + kg [I] 

k 3 [ JPl [H 2° ] 


(5.5) 

(5.13) 


(5.14) 


These derivations are based on the steady state hypothesis of 
intermediate radicals. Eliminating [ SOj ] and [S0^~] 
from above equations one obtains 


[OH] 


k,-k x [H 2 0] 

= s^iTr 


(5.15) 


Substitution of [OH] m Equation 5.1 results the following 
rate expression 


a[o 2 ] 

dt 

4[0 2 ] 

dt 

K 1 


5k r H 01 CS 2°" ] 

k [H 2 0] [jJ- 


, L!2°r] 

^ rrr - 


k,k. 

[H,0] 


( 5 . 16 ) 

(5.17) 


where 


(5.18) 
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When both the termination, steps i 5 f S) are 
significant, one can derive the following equations 


[so; ] 

[S 2 0“] (k_+k 4 [0H]> 

(5.5) 

• c. 

k 2 [0 2 ] 


1 — 1 

t ^ 

O 

CQ • 

k 2 [s° 2 -] [o 2 ] 

(5.19) 

k 3 [H 2 0] + k 5 [OH] + k 6 [I] 


[OH] 

k, [SO"] [H 2 0] 

(5.20) 

• 

k 4 [s 2 o;-]/+ k 5 [so;] 


Substitution of 

[SO;] from Equation 5.5 m Equa 

tion 5.19 

gives 

[s°-] 

[S 2 0“] (k.+k 4 [OH]> 

(5.21) 

kj[H 2 0] + k 5 [OH] + k g [I] 
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or 


where 


- d [° 2 ] 

dt 

K C 



[ s 2 o~] 

[h 2 0] 


(5.25) 

( 5 . 26 ) 


If the chain termination is assumed to be 
reaction (6) , then the corresponding rate expression is 
Equation 5.16 which is in good agreement with the experi- 
mental results for MnCl 2 and MnS0^_ inhibitors. From the 
figures 9 and 12 it can be concluded that concentration 
of MnClg and MnSO^ inhibitors are inversely proportional 
to the total concentrations of MnCl^ or MnSO^ present m 
the reaction solution. 

When the chain termination proceeds according to 
steps (5) and (6), the derived rate expression 5.24 
satisfies the experimental findings of triethanolamme- 
mhibited runs. 


5.5 Comparison Between Observed and Predicted Rates 

All the three rate expressions 5.11 , 5.17 , 
and 5.25 derived from the proposed mechanism were subjecte< 
to the error analyses, using least square estimation 
techniques. The rate constants predicted from these rate 
expressions together with those obtained experimentally 
are given m Table 5. Four typical plots of the calculate 
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TABLE 3: COMPARISON BETWEEN OBSERVED AND 
PREDICTED RATE CONSTANTS 


Experiments a 

y- 

'observed 

^predicted 

Standard 

Deviation 

RD 

(uninhibited ) 

1 . 

,32 

i.: 

32 

1.4 x 10" 1 

RO 

(uninhibited) 

1 . 

30 

i.: 

30 

8.7 x 10 -2 

Cl 

(MnClg Runs) 

4.3 

X 

10 ~ 2 

7.2 

X 

10“ 3 

3.5 x 10 “ 3 

01 

(MnClg Runs) 

6.7 

X 

10~ 4 

1.7; 

X 

10“ 4 

1.1 x 10“ 6 

DI 

(MnClp Runs) 

6 . 8 

X 

10~ 4 

1.7 

X 

10” 4 

7.9 x 10 -6 

SI 

(MnSO^) Runs) 

2.0 

X 

IQ" 2 

6. 8 

X 

10 “ 3 

1.9 x 10~ 3 

OS 

(MnSO^ Runs) 

3.2 

X 

10" 4 

1.4 

X 

10~ 4 

1.1 x 10“ 5 

DS 

(MnSO^ Runs) 

3.2 

X 

10 " 4 

1.3 

X 

10“ 4 

3.'0 x 10" 6 

TI 

( Tr i e t hr> no lami ne 






"I 


Runs) 

1.2 

X 

10 1 

3.4 

X 

10- 1 

1.0 x 10^ 

OT 

( Tri ethanolamme 





*1 

■x 


Runs) 

1.8 

X 

10 _1 

5.5 

X 

10 1 

2.8 x 10 ; 

DT 

( Triethanolamine 








Runs) 

2.0 

X 

10 _1 

6.0 

X 

10 _J - 

7.5 x 10 _ii 


a 


RD, RO, Cl, are the runs designated for various set 
of experiments (see nomenclature) 
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rate versus observed rate for uninhibited, MnClg, 

MnSO. and triethanolamine inhibited runs are shown m 

T 

Figures 19-22. The rotes were calculated from Equation 
5.17 for MnGl 2 and MnSO^ and from Equation 5.25 for 
triethanolamine. For uninhibited, it was calculated from 
Equation 5.11 . The maximum deviation between the predicted 
values and the experimental ones have been found to be 
+ 10 per cent for all these cases. In the inhibited runs 
where the dependencies of inhibitor concentr.' tions were 
studied, the standard deviations were larger than 10 per 
cent (Table 3). 
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Fig, 19 -Comparison of observed and calculated 
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of oxygen ; Mn Cl 2 ~inhibited runs. 


x 107 9 mote/li t-sec 


Observed rate, — 

d t 

Mg 20 - Comparison of observed and calculated rates of disappecj 

of oxygen , Mn504-mhibited runs j 






L02J =1 2x1(TM 
[Triethanolamine] =10x10^M 


Obseved rate , - - 7 -—- x 10 , g mole/ lit - sec 1 

d t j 

Fig 21 - Comparison of observed and calculated rate of disappear^ 

of oxygen , triethanolamine-inhibited runs j 
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Fig 22 - Comparison of observed and calculated rates of disappd 

rence of oxygen , uninhibited runs ! 


CHAPTER 6 


CONCLUSIONS AND RECOMMENDATION S 


The experimental data obtained from this study 
of kinetics of oxidation of sodium dithionite m the 
liquid phase have been compared mth previously reported 
results. The data on the inhibited runs were presented 
for the first time. It is concluded that the most 
important contribution of this work was m setting up a 
mechanism and the rate expressions which satisfy the 
behaviour of the dithionite oxidation system with and 
without inhibitors. 

Based on the experimental results of the present 
study as discussed m preceding chapters, the following 
conclusions are drawn. 

6.1 Conclusions 

6.1.1 Oxidation of Dithionite; Uninhibited Runs 

Results on the oxidation study show that the 
reaction is first order with respect to dithionite and 
zero order with respect to molecular oxygen. The overall 
stoichiometry conforms to that reported m [3,4-]. 

An activation energy of 17.5 Kcal/gmole has 
been calculated for this reaction. 

Parametric dependence of pH of the reacting 
medium on the reaction rate has also been followed. It 
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has been observed that the rate decreases m a regular 
pattern with increase of pH. This has been attributed 
to the possibility of dithionite undergoing hydrolysis 
as a result of which the available dithionite concen- 
tration for oxidation is reduced. 


6.1.2 Oxidation of Dithionite s Inhibited Runs 

Rate data have been obtained for the oxidation of 
sodium dithionite inhibited with hnCl 2 , MnSO^ and tricthanol 
amine. In all cases the dependencies on oxygen and 
dithionite resulted m zero and one power relation 
respectively. The reaction rate was found to be 0.2 order 
with respect to triethanolamine, 0.8 order with respect 
to MnCl^ and 0.9 order with respect to MnSO^. 


6.1.3 Reaction Mechanism 

The following free radical chain mechanism has 
been proposed: 


?°2 + °2 - 

SO^ + H 2 0 

S 2 0” + OH 

SO" + OH 

S07 + [I] 

o ' 




2 SO 



HS0 4 + OH 

HSOl + SOI 
3 . 2 

In active product 
Inactive product. 
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which on steady state analysis give rise to following 
rate expressions: 

“ d [°p] 

— rr — = K» [ S o 0 „ ] Termination by (5.1l) 

4t A 2 4 step (5) 

- a[o 2 ] [s 2 o--] 

~dt — = ~ f ' x l Termination by (5.17) 

1 *- J step (6) 

~ d [° 2 -1 

— t+ — = [S o 0. ] Termination by (c 

dt C 2 4 steps ($)and (6) (5 - 2 ^ 

These rate expressions (5.1l), (5.17) and. (5.25) 
satisfactorily accounted the kinetic data observed for 
uninhibited, MxiCl^ and MnSO^ inhibited and triethanolamine 
inhibited runs, respectively. 

It is expected that the present results would 
contribute to the understanding of kinetics and mechanism 
of this reaction. 

6.2 Recommendations 

6.2,1 Modification of the Equipment 

The capacity of the pressurized storage tanks 
should be increased to allow for longer runs. In this 
way, the steady state temperature could be more readily 
and accurately determined. 
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6.2.2 Recommendations for Further Studies 

Valuable informations might be obtained for this 
system from study of the intermediates, such as those 
proposed m the above reaction mechanism. 

Kinetics of some raoid reactions should also be 
studied by this technique. 
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APPENDIX A 

CALIBRATION OP THERMOCOUPLES 
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CALIBRATION 07 THERMO COUPLES 

Thermocouples were made and calibrated against a 
25 ohm Leeds and Northrup platinum resistance thermometer 
and Muller bridge assembly. The details of the apparatus 
and procedure are given below. 

Apparatus 

The apparatus is shown schematically m Figure 23. 
The principal part of the apparatus is the vapor jacket. 

If the flask attached to the bottom of the vapor jacket, 
a pure liquid is taken and boiled at a constant total 
pressure m an inert atmosphere of nitrogen. The vapors 
will condense m the condenser and are recirculated b^ck 
to the flask. The principle behind this is due to the 
fact that a vapor substance boils at a constant temperature 
when the total pressure is fixed. In order to dampen the 
pressure fluctuations, thereby temperature fluctuations, 
the volume of the system was increased by connecting two 
20 liter flasks (ballasts) to the system. The temperature 
inside the vapor can be varied by changing the nitrogen 
pressure m the system. Changes m the nitrogen pressure 
can be affected by the vacuum pump and high pressure 
nitrogen cylinder with a low pressure regulator connected 




23 - Schematic diagram of the experimental set-up for calibration of the 

thermocouples 
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to the system. The vapor jacket has a glass at its top 
which carries two thermowells m the vapor jacket. 

Procedure 

The platinum resistance thermometer was inserted 
into one of the thermowells. Since the platinum resistance 
thermometer was calibrated by the U.S. National Bureau 
of Standards with seven centimeter depth of immersion, 
same depth was kept under silicone oil m the thermowell. 
One set of differential thermocouples which was used m 
the observation tube was placed into the other thermowell 
while the other set of thermocouples which was used at the 
mixing point was kept m the constant temperature water 
bath, the temperature of which was kept constant at the 
datam temperature by the thermostat. A desired volume 
of toluene was charged to the flask attached to the bottom 
of the vapor jacket. The system was then evacuated and 
left at this stage for an hour to check if there was any 
leakage. Finally, the system was filled by nitrogen to 
the required pressure. The heating mantel was turned on 
and toluene started boiling after some time. The steady 
value of the resistance of the platinum resistance thermo- 
meter was measured using Muller bridge and the 
corresponding output voltage was measured directly on 
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the microvoltmeter. These measurements were repeated at 
various nitrogen pressures in the system. The pressures 
were so chosen that the temperature inside the vapor 
jacket, as measured by the platinum resistance thermometer, 
was always higher than the datum temperature of the constant 
temperature water bath and the temperature difference was 
of the order of 0 to 15°C. 

The resistance of the platinum resistance thermo- 
meter bears a certain relationship with the temperature 
surrounding the element of the platinum resistance thermo- 
meter. The resistance temperature relationship for the 
platinum resistance thermometer is described by Cellender’s 
equation. The values of the constants of this equation 
are supplied along with the thermometer. Using this 
equation and the given constants, a table is generated with 
the help of computer to give the values of temperatures at 
different resistance values of the platinum resistance thermo- 
meter. This table was used to read directly the temperature 
from the resistance of platinum resistance thermometer. 

Figure 24 is the plot of the data recorded for thermocouples 
at datum temperature of 30°C. Using the L.M.S. curve fit 
the following relation was obtained 


(Output) m y = 0.6366 x (Temperature Difference, °C) 



Microvoltmeter output, mV 
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APPENDIX B 


DATA FOE OXIDATION OF SODIUM DITHIONITE 
UNINHIBITED RUMS 
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Run No. RH— 2: 

Reaction temperature = 30°0 

pH = 11.0 

[S 2 0~] = 7.72 x 10 -5 M 

[ 0 ] = 1.2 x 10 ~ 3 M 

This run has been plotted m Figure (3) 
(a) Maximum Temperature Rise: 

^H r xM = A T x cp 

AT = 135.1 x 7.72 x 10" 5 

= ,01C4°C 


(b) Reaction Rate: 

Slope = D. 011585 


Slone 

AH r 


0.011585 

135.1 


Reaction Rate = 
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